Introduction {#sec1-1}
============

After spinal cord injury (SCI), sedentarism and decreased level of physical activity result in extensive skeletal muscle atrophy and increased adiposity below the level of injury (Elder et al., 2004; Gorgey and Dudley, 2007). Magnetic resonance imaging (MRI) has emerged as the "gold-standard" technique for quantifying thigh skeletal muscle and fat compartments (Mitsiopoulos et al., 1985; Gorgey et al., 2013b, 2017a) and is ideally suited for measuring body composition outcomes of clinical trials investigating the effects of exercise intervention after SCI (Gorgey et al., 2012, 2013a). Additionally, MRI allows for accurate measurement of cortical bone and bone marrow fat which is important for SCI patients whom exhibit increased prevalence of osteoporosis and risk of fractures of lower extremity bone (Wilmet et al., 1996; Elder et al., 2004; Eser et al., 2004; Gorgey and Dudley, 2007; Qin et al., 2010; Fattal et al., 2011; Dudley-Javoroski and Shields, 2012). In vivo measurement of skeletal muscle, fat and bone compartments is of paramount importance to this population because of decreased fat-free mass after SCI. This is likely to influence basal metabolic rate (BMR) which may be as low as 1200 kcal/d, resulting in a detrimental energy imbalance and increased prevalence of obesity with increased regional and whole-body adiposity (Buchholz et al., 2003; Gater, 2007; Lester et al., 2017). Reduction in muscle size is also associated with metabolic abnormalities similar to chronic obesity, insulin resistance, dyslipidemia, type II diabetes mellitus and cardiovascular disease (Duckworth et al., 1980; Phillips et al., 1998; Elder et al., 2004; Gater, 2007; Gorgey and Dudley, 2007; Gorgey et al., 2015). Moreover, skeletal muscle atrophy is accompanied with infiltration of intramuscular fat (IMF) that may explain 70% of the variance in impaired glucose tolerance in persons with SCI (Elder et al., 2004). Therefore, accurate quantification of the magnitude of skeletal muscle atrophy and fat infiltration may help to explain the decreased levels of BMR and secondary health consequences after SCI.

Manual segmentation, in which muscle groups are traced directly along anatomical borders, is considered one of the most reliable means of segmentation (Gorgey and Dudley, 2007; Lester et al., 2017). However, manual tracing may be influenced by the visual subjectivity of the analyst. This subjectivity may introduce sources of error considering the volume of data when analyzing multi-axial slices at multiple time points. Moreover, subjectivity may stem from poor image quality or extensive IMF infiltration, making the delineation of anatomical borders more difficult (Modlesky et al., 2004). In addition, manual tracing requires considerable time to analyze multi-axial images in larger clinical trials (Lester et al., 2017). Equivocal evidence suggests that manual tracing of thigh muscle and fat compartments may require \~1--1.5 years to complete in a sample size of 20 persons with SCI (Gorgey et al., 2011a). This may lead to reliance on alternative methods of quantifying body composition, similar to dual-energy X-ray absorptiometry, which may under-predict fat-free mass in persons with SCI (Modlesky et al., 2004). Additionally, dual-energy X-ray absorptiometry is limited in its ability to distinguish between subcutaneous adipose tissue (SAT) and ectopic adipose tissue, a major distinction when evaluating metabolic health after SCI (Gorgey et al., 2015).

The threshold technique was designed to reduce the influence of human subjectivity as well as reduce the time needed for analysis, while maintaining a robust accuracy of measuring body compartments (Schick, 2016). A previous study used automated threshold segmentation to quantify percentage-subcutaneous adipose tissue (%SAT) of the lower extremities to determine associations between %SAT and monogenic metabolic syndrome subtypes in abled-bodied subjects. The study reported significant differences in the amounts of SAT between the two monogenic subtypes, with less SAT in the subtype 2 subject, compared to subtype 3 (Al-Attar et al., 2006). Additionally, threshold techniques were used to quantify IMF which may be a biomarker of osteoarthritis incidence and progression (Prescott et al., 2009). In combination with morphological constraints specificity of IMF segmentation was improved while maintaining the sensitivity of the automated technique (Prescott et al., 2009). Others have used a threshold algorithm to assess paraspinal muscle composition as reports suggest an association between muscle degeneration and lower back pain in abled-bodied individuals (Fortin et al., 2017). Automated threshold techniques may be difficult to use in evaluating thigh compartments in persons with SCI, considering the extensive muscle atrophy and infiltration of IMF.

The purpose of the current manuscript was to validate the use of a semi-automated threshold technique against the standard manual tracing technique previously used to measure thigh muscle compartments after SCI. Our objective was to present an accurate and robust tool of segmenting different thigh compartments after SCI.

Participants and Methods {#sec1-2}
========================

Participants {#sec2-1}
------------

Participants, including veterans and non-veterans from the greater Richmond, VA area, provided written informed consent before enrollment in the study. All study procedures were approved by the Institutional Review Board (McGuire IRB\#1) and conducted according to the *Declaration of Helsinki*. MRI images of the right thigh from 20 men (age, 36 ± 10 years; weight, 77.7 ± 12.0 kg; height, 1.78 ± 0.05 m; body mass index (BMI), 24 ± 4 kg/m^2^; time since injury, 8 ± 7 years) with traumatic motor-complete SCI (C5-T11, American Spinal Injury Association (AIS) A or B) were captured as a part of a parent clinical trial registered at ClinicalTrials.gov (NCT01652040) (Gorgey et al., 2017a). To achieve our purpose a crossover design was implemented, such that images captured from the parent study were processed using two distinct methods described below. Two participants were excluded from this study because of heterotrophic ossification and movement artifact as result of involuntary muscle spasms that impacted image quality.

T1-weighted MRI {#sec2-2}
---------------

T1-weighted MR images were obtained from a totally body General Electric Signa 1.5-T (Waukesha, WI, USA) MRI (FSE; TR 850-1000 ms; TE 6.7 ms, NEX 1, TE length 3, flip angle 90, field of view (FOV) 20 cm; matrix size 256 × 256). Participants were instructed to lay in a supine position with legs strapped to avoid movement from involuntary muscle spasms. Twelve trans-axial images, slice thickness 8 mm with 16 mm interspace gap, were captured to cover the region from the hip to the knee joints of the right leg. Scan time was \~3.5 minutes to complete the entire scan. For simplicity, only the right thigh was considered for this study, because evidence suggests a negligible difference in muscle CSA between the right and left thighs in persons with motor-complete SCI (Castro et al., 1999).

Manual tracing technique {#sec2-3}
------------------------

Manual tracing segmentation was conducted using a commercially available software WinVessel (Version 2.011; written by Ronald Meyer at Michigan State University, Lansing, MI). Six ROIs which includes thigh circumference (TC), SAT, whole muscle (WM), femoral bone, bone marrow fat (BMF) and knee extensor (KE) CSAs were quantified by manually tracing along anatomical borders. Absolute IMF CSA was quantified using the midpoint between muscle and fat peaks of a bimodal histogram (Gorgey and Dudley, 2007; Lester et al., 2017). TC refers to the total CSA of the thigh just beneath the dermal layer including SAT, muscle, IMF and femoral bone. SAT is classified as the adipose tissue layer directly beneath the dermal layer of the skin and adjacent to the fascia lata and muscle wall of the thigh (Gorgey et al., 2011a, b). WM refers to the CSA of the total muscle mass of the thigh including IMF, located between SAT and the femoral bone. Bone refers to the total CSA of the femoral bone including outer cortical bone and bone marrow (Gorgey et al., 2013b). BMF refers to the CSA of adipose tissue within the femoral bone. KE refers to the total CSA of 4 heads including the vastus medialis, vastus intermedius, vastus lateralis and rectus femoris muscles. IMF refers to the fat infiltrated within the total muscle CSA and is presented as absolute and percentage. The sum of pixels within a bounded region was multiplied by the (FOV/matrix size)^2^ to calculate the CSA of the ROI. **[Figure 1](#F1){ref-type="fig"}** presents each ROI and the adjacent structures that were analyzed with manual and semi-automatic segmentation techniques.

![T1-weighted thigh magnetic resonance imaging (MRI).\
(A) T1-weighted MRI of thigh in SCI individual with lower SAT and skeletal muscle atrophy. (B) T1-weighted MRI of thigh in person with SCI showing extensive skeletal muscle atrophy, SAT and IMF infiltration. TC: Thigh circumference; SAT: subcutaneous adipose tissue; WM: whole muscle; KE: knee extensor; IMF: intramuscular fat.](NRR-13-1787-g001){#F1}

Threshold segmentation of TC, WM, femoral bone, BMF and IMF {#sec2-4}
-----------------------------------------------------------

In ImageJ, prior to any segmentation procedures, all images underwent brightness/contrast enhancement using a contrast control tool to increase image quality and enhance background separation as much as possible. All image dynamics were converted to 8-bits to fit the requirements of ImageJ 1.50 ([www.nih.gov](http://www.nih.gov)) configuration. Moreover, a sharpening mask was applied to all images; the mask highlighted all pixels with relatively high signal intensity (*i.e*. SAT, IMF and BMF) and designated all other pixels with lower signal intensity (*i.e*. muscle and bone) as background (**[Figure 2A](#F2){ref-type="fig"}**). Thresholding was then applied, the values were automatically set (using the auto-threshold tool) to include only regions having pixels with high intensity levels, that isolated SAT, IMF and BMF from the remaining tissues. Above mentioned steps were applied only one time for each MRI sequence (each participant).

![Magnetic resonance imaging (MRI) semi-automated segmentation.\
(A) A high pass filter. (B) The outer SAT border used to quantify the TC CSA. (C) Segmentation of outer border of the muscle mass. (D) The convex hull applied to the outer border of the muscle mass to mimic fascial line. (E) Threshold segmentation of the femoral bone and bone marrow fat. TC: Thigh circumference; SAT: subcutaneous adipose tissue.](NRR-13-1787-g002){#F2}

For each ROI, an edge detection tool was then used to differentiate between multiple objects having similar pixel intensity. The edge detection tool isolated all pixels having discontinuity in signal intensity to form one boundary (**Figure [2B](#F2){ref-type="fig"}**, **[C](#F2){ref-type="fig"}**). The outer and inner SAT borders were determined using the edge detection tool. The outer border was then used to quantify the TC as shown in **[Figure 2B](#F2){ref-type="fig"}**, whereas the inner border adjacent to the fascial line was used to quantify WM CSA.

The fascial line is the thick sheath of fibrous tissue enclosing the WM ROI of the thigh and serves as a critical anatomical reference separating SAT from muscle/intramuscular fat compartments; however, because fascia is characterized by low pixel intensity compared to SAT; it is difficult to accurately segment it using the threshold technique. To overcome this problem, the current method relies more on a geometrical structure determined by a convex hull algorithm. The convex hull of a set of points (*i.e*. thigh pixels) is the smallest convex polygon that contains all the points without any self-intersection; it can be visualized as the shape enclosed by a rubber band stretched around set of points (Barber et al., 1996). The convex hull algorithm was applied to the outer border of the muscle region to predict the fascial line, allowing for the differentiation of WM from SAT (**[Figure 2D](#F2){ref-type="fig"}**).

To quantify WM CSA, first, an edge detection tool was used to trace the outer border of the muscle mass as shown in **[Figure 2C](#F2){ref-type="fig"}**. Selection of the inner SAT border isolated muscle and IMF. Based on the assumption that the fascial line is adherent to the muscle mass of the thigh, the convex hull algorithm was used to mimic the borders of the fascial line and quantify WM CSA. To segment the femoral bone and bone marrow fat, the threshold values were set to include all pixel intensities higher than the dark region of the cortical bone (*i.e*. muscle, SAT, BMF and IMF). That enabled us to isolate the femoral bone from the adjacent thigh tissues. The edge detection tool was then used to generate a clear border surrounding the femoral bone and the bone marrow fat as shown in **[Figure 2E](#F2){ref-type="fig"}**.

For IMF quantification, ten participants were randomly selected (age, 33.4 ± 10 years; weight, 75 ± 11 kg; height, 1.79 ± 0.06 m; BMI, 23 ± 3.5 kg/m^2^; time since injury, 9 ± 8 years). Within the WM ROI (convex hull), threshold values were set to include all high intensity pixels that included both IMF and BMF. The BMF CSA was then subtracted to quantify absolute IMF CSA.

Semi-automated segmentation of the knee extensor (KE) muscle group {#sec2-5}
------------------------------------------------------------------

To measure the KE, 10 participants (age, 33 ± 10 years; weight, 77.0 ± 9 kg; height, 1.78 ± 0.05 m; BMI, 24 ± 3 kg/m^2^; time since injury, 6 ± 5 years) were randomly selected to validate the semi-automatic segmentation technique against the manual tracing technique. Because individual muscle groups do not have distinct pixel intensity borders, nor a uniform geometrical structure to separate them from other muscle groups, segmentation was conducted using the segmentation editor plug-in for ImageJ, which uses a distance mapping algorithm to interpolate muscle borders. The borders of the KE muscle group were manually traced in three images located at the beginning, middle and end of the thigh sequence. The plug-in was then used to predict the KE borders of the remaining nine images in the sequence for a total of 12 images analyze. The anatomical borders of the KE muscle group, adjacent to both femoral bone and SAT were used as initial training regions to guide the interpolation algorithm to generate a higher accuracy of border prediction and segmentation.

Statistical analysis {#sec2-6}
--------------------

All values were presented as mean ± SD. Computed CSAs derived from the threshold and border prediction techniques were compared to manual segmentation values. The CSAs for each ROI, across each of the 12 MRI slices, were averaged over the total number of participants for both manual and threshold techniques. Average (Av.) values were computed using the following equation, where *n* = number of participants:

![](NRR-13-1787-g003.jpg)

Distributions of CSA along the MRI sequence from the hip to the knee joints, for both techniques are presented as scatter plots. Percentage error between manual (Mn) and threshold (Th) CSA values was calculated using the following equation:

![](NRR-13-1787-g004.jpg)

Pearson\'s correlation coefficients were conducted to examine the relationships between manual tracing and semi-automated segmentation techniques. The average CSA of each participant in the manual vs. semi-automated segmentation techniques was used to ensure that the assumption of independency is not violated.

Results {#sec1-3}
=======

CSA axial distribution {#sec2-7}
----------------------

The average CSA distribution across the MRI sequence obtained from both techniques are presented in **[Table 1](#T1){ref-type="table"}** and **[Figure 3](#F3){ref-type="fig"}**. Each ROI showed a similar trend and strong agreement throughout the sequence. The average percentage error for TC CSA was 0.74% (threshold: 170.71 ± 38.67 and manual: 169.45 ± 38.27 cm^2^). the average percentage error for SAT CSA was 5.22% (threshold: 65.99 ± 30.79 and manual: 62.68 ± 30.22). The average percentage error for WM CSA was 0.14% (threshold: 98.19 ± 20.19 and manual: 98.09±20.08 cm^2^). The average percentage error for femoral bone CSA (threshold: 6.51 ± 1.08 and manual: 6.53 ± 1.09 cm^2^) was 0.34%. The average percentage error for KE CSA was 1.78% (threshold: 43.89 ± 7.67 and manual: 44.61 ± 7.81 cm^2^). The average percentage error for BMF CSA was 0.64% (threshold: 3.12 ± 1.12 and manual: 3.1 ± 1.11 cm^2^). The average percentage error for IMF CSA was 1.8% (threshold: 10.01 ± 2.65 and manual: 9.90 ± 5.25).

###### 

Average mean (Av.), standard deviation (SD) and percentage error for TC, SAT, WM, femoral bone, KE, BMF cross-sectional area (cm^2^) and %IMF for both Mn and Th techniques

![](NRR-13-1787-g005)

![The average CSA of multi-axial slices from the hip (image \# 1) to the knee (image \# 12) joints comparing both manual and threshold techniques for (A) TC, (B) SAT, (C) WM, (D) femoral bone, (E) KE, (F) BMF, (G) IMF and (H) %IMF ROIs.\
Slice number from the hip to knee joints is plotted along the x-axis. Each data point corresponds to the average CSA (cm^2^) of 18 men. CSA: Cross-sectional area; TC: Thigh circumference; SAT: subcutaneous adipose tissue; WM: whole muscle; KE: knee extensor; BMF: bone marrow fat; IMF: intramuscular fat; ROI: region of interest; MRI: magnetic resonance imaging.](NRR-13-1787-g006){#F3}

Bland-Altman plots {#sec2-8}
------------------

**[Figure 4](#F4){ref-type="fig"}** demonstrates a high level of agreement between the threshold and manual tracing techniques for TC (mean bias = --1.25 cm^2^), SAT (mean bias = --3.30 cm^2^; **[Figure 4B](#F4){ref-type="fig"}**), WM (mean bias = --0.11 cm^2^), BMF (mean bias = --0.33 cm^2^), IMF (mean bias = --0.1 cm^2^), and femoral bone (mean bias = 0.02 cm^2^; **[Figure 4D](#F4){ref-type="fig"}**), KE (mean bias = 0.71 cm^2^; **[Figure 4E](#F4){ref-type="fig"}**) and %IMF (mean bias = 0.4 cm^2^) CSAs.

![Bland-Altman plots showing levels of agreement between manual (Mn) and threshold (Th) techniques for (A) TC, (B) SAT, (C) WM, (D) femoral bone, (E) KE, (F) BMF, (G) IMF and (H) %IMF ROIs.\
Each data point corresponds to the average CSA (cm^2^) of 18 men. CSA: Cross-sectional area; TC: Thigh circumference; SAT: subcutaneous adipose tissue; WM: whole muscle; KE: knee extensor; BMF: bone marrow fat; IMF: intramuscular fat; ROI: region of interest.](NRR-13-1787-g007){#F4}

Linear regression {#sec2-9}
-----------------

**[Figure 5](#F5){ref-type="fig"}** shows the relationships between the manual and threshold techniques for each ROI. Pearson\'s correlation coefficients of TC, SAT, WM, femoral bone, BMF, KE (*n* = 10 subjects), IMF (*n* = 10 subjects) and %IMF (*n* = 10 subjects) were *r* = 0.99 (*P* = 0.0001), *r* = 99 (*P* = 0.0001), *r* = 0.99 (*P* = 0.0001), *r* = 0.99 (*P* = 0.0001), *r* = 0.99 (*P* = 0.0001), *r* = 0.74 (*P* = 0.015) and *r* = 0.85 (*P* = 0.015), respectively.

![Linear regression showing relationships between manual and threshold CSA values for each individual image for (A) TC, (B) SAT, (C) WM, (D) femoral bone, (E) KE, (F) BMF, (G) IMF and (H) %IMF ROIs.\
CSA: cross-sectional area; TC: thigh circumference; SAT: subcutaneous adipose tissue; WM: whole muscle; KE: knee extensor; BMF: bone marrow fat; IMF: intramuscular fat.](NRR-13-1787-g008){#F5}

For processing time, both investigators were asked to recall time needed to segment the seven ROIs; manual segmentation required \~25 minutes per image or \~5 hours per subject. In comparison, the technique required less than one hour to finish a whole sequence, demonstrating an 80% reduction in analysis time.

Discussion {#sec1-4}
==========

The primary findings indicated that the threshold technique is accurate in quantifying TC, SAT, WM, femoral bone, BMF, KE and IMF CSAs and equivalent to the manual tracing technique in 18 men with SCI. The results showed a high level of agreement between the threshold and manual tracing techniques, highlighting that the threshold technique can robustly quantify muscle, fat and bone compartments in persons with SCI. SAT and %IMF has the wider levels of agreement compared to the other regions of interest. Despite the wider level of agreement in SAT and %IMF, the results were acceptable considering the difficulty in evaluating both compartments (see below).

Previous studies have used MRI as the "gold-standard" technique for measuring changes in muscle composition after SCI and in response to exercise interventions (Mitsiopoulos et al., 1985; Elder et al., 2004; Gorgey and Dudley, 2007; Gorgey et al., 2012). A major disadvantage of the manual tracing technique is the extensive time required to analyze multi-axial slices especially in large clinical trials (Modlesky et al., 2004). The process of manually tracing is also expensive and may require more than one person to work on the same project to complete the task in a timely manner. This is likely to influence the precision of the technique and introduce a source of unaccountable error.

As computer programming and software systems develop, MRI tissue quantification continues towards more automated approaches in an effort to reduce analysis time (Urricelqui et al., 2009; Purushwalkam et al., 2013; Orgiu et al., 2016). For example, quantifying thigh compartments using manual segmentation for the seven ROIs requires \~25 minutes per image and \~5 hours to complete analysis of one subject depending on the number of images per sequence (leg length) and image resolution. Using the semi-automated threshold technique, a total of 216 images were analyzed in one hour per subject and was capable of cutting the analysis time by \~80% while maintaining a robust accuracy.

Despite other research studies that have documented that the threshold technique may be highly sensitive and reliable in abled-bodied subjects (Urricelqui et al., 2009; Purushwalkam et al., 2013; Orgiu et al., 2016), SCI patients represent an ideally challenging population because they are characterized by extreme muscle atrophy and infiltration of IMF (**[Figure 1B](#F1){ref-type="fig"}**) (Elder et al., 2004; Gorgey et al., 2013a, 2015). This results in significant architectural changes, which may require additional validation to any previously developed threshold program. Therefore, extrapolating results from able-bodied studies to persons with SCI is not a feasible or acceptable approach. We chose to run the average of MRI slices rather than the average muscle CSA of each participant. This was accomplished to highlight the error in spatial distribution of the different tissues along the entire thigh length from the hip to the knee joints. For example, in **[Figure 4](#F4){ref-type="fig"}**, the Bland-Altman shows that for each of the WM, SAT, bone ROIs, the error slightly increased towards the knee joint, this means that the sensitivity of the threshold technique may be influenced by the anatomical distribution of muscle and SAT regions.

This is likely also to explain the wide level of agreement in SAT and %IMF. For WM segmentation, the method was based on the assumption that the fascial line is adherent to the muscle wall of the thigh, which is true in most abled-bodied individuals; however, after SCI, this fascial line may be pushed outward from the muscle wall because of the infiltrated subfascial fat subfascial fat and IMF. This may explain the highest percentage error in SAT (5.22%). Reliance on the geometrical structure of thigh compartments to determine the orientation of the fascial line was necessary because the lack of signal intensity discrepancy between the fascia and muscle pixels while using the threshold technique. Similar studies have presented more automated methods for thigh tissue quantification, yet such approaches require higher programming skills, more complex software and sophisticated image processing tools (Urricelqui et al., 2009; Purushwalkam et al., 2013; Orgiu et al., 2016). that require technical expertise, not often available in clinical research laboratories investigating body composition. However, a main strength of the current segmentation technique is a free tool and easily accessible in open source library tool, without the need to extensive technical skills or training efforts. Future studies should develop automated techniques that quantify both IMF and subfascial fat to provide more accurate delineation of SAT based on the facial line.

The current study has addressed several of the inherited weakness in previous studies. A previous study had mixed populations of able-bodied, elderly and obese individuals and one study showed lower accuracy in the obese population (77.5%) when compared to manual tracing segmentation (Orgiu et al., 2016). Another study used Image J software and threshold segmentation to quantify adipose tissue of the calf and thigh. However, the results obtained from threshold segmentation were not compared to manual tracing to verify the accuracy of the approach and the study enrolled only 6 participants (Al-Attar et al., 2006). These studies have refrained from analyzing individual muscle groups of the thigh due to difficulty indiscriminate anatomical border of individual muscle group. The current technique may provide a great advantage to study the changes in individual muscle size in response to different training, pharmaceutical and dietary interventions, which is of relatively high clinical relevance to the current population (Dolbow et al., 2017; Gorgey et al., 2017b).

Limitations {#sec2-10}
-----------

The sample size was relatively small (*n* = 18), however, the proposed method can be reproduced in greater numbers in individuals with abled bodied or chronic SCI. Future trials should investigate imaging of both men and women with SCI; however, a predominantly male sample should not directly limit the effectiveness of the current method (Gorgey et al., 2017b). We have primarily included men because the parent study was designed to investigate the effects of resistance training and testosterone replacement therapy in men with SCI. The proposed method will analyze additional individual muscle groups of the thigh including the hip adductors and knee flexors. Muscles of the lower leg will also be segmented using the threshold technique to determine the CSAs of the gastrocnemius and soleus muscles, which are associated with deficiencies in calf muscle pump activity, lower body circulation and chronic heart failure in persons with SCI (Lester et al., 2017). Moreover, threshold derived segmentation will be applied to visceral compartments to quantify visceral adipose tissue and trunk muscle CSAs. Evidence suggests that these two ROI are associated with increasing risks of metabolic dysfunction, insulin resistance and type II diabetes in both SCI and abled-bodied populations (Duckworth et al., 1980; Gater, 2007; Gorgey et al., 2014, 2015). We have relied primarily on T1-weighted MRI, because this was the fundamental MRI protocol that was used previously in delineating the anatomical boundaries. However, several imaging sequences are now available similar to fat fraction technique that should be tested in future studies.

Conclusion {#sec1-5}
==========

Threshold technique provided a robust quantification and speedy assessment of thigh muscle and fat CSAs compared to the standard manual tracing technique in persons with SCI. More automated segmentation of thigh muscle and fat compartments will allow researchers to efficiently assess muscle size and IMF infiltration in a fraction of the time previously required for manual tracing technique. This may allow for faster diagnostics and the development of a more individualized rehabilitation strategy designed around improving body composition and preventing the occurrence of metabolic abnormalities after SCI.
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